Compared to other extrinsic phonon scattering mechanisms such as surface and interior defects, phonon scattering and lattice thermal resistance due to structural rippling in few-layer two-dimensional (2D) materials is under-examined. Here the temperature-dependent basal- despite having increased thickness. The peak thermal conductivities of the five samples decrease with increasing integrated Raman intensity caused by defects in the frequency range of the phonon band gap in MoS2. In conjunction with the experimental findings, theoretical calculations of the temperature-, thickness-, strain-, and defect-dependent  of thin MoS2 layers reveal the importance of interior defect scattering over scattering from compression-induced ripples and surface defects in these samples. The results further clarify the conditions where ripples are important in determining the basal plane thermal resistance in layered systems.
Main Text
Due to thermal fluctuations, 1 structural rippling is ubiquitous in monolayer and fewlayer two-dimensional (2D) materials, including both supported 2, 3 and suspended [4] [5] [6] [7] [8] structures, such as molybdenum disulfide (MoS2) and graphene. This rippling creates inhomogeneous strain fields due to the changed crystal structure that strongly affect electronic and vibrational behaviors. For example, severe rippling in graphene was shown to generate a long-range scattering potential for electrons and strongly suppress their weak localization. [9] [10] [11] In addition, the effects of ripples and kinks on thermal conductivity () in 2D materials has been considered in several theoretical studies, including unique strain effects, [12] [13] [14] [15] [16] [17] [18] which can influence the performance and thermomechanical reliability of emerging 2D devices. [19] [20] [21] Contrary to bulk materials for which compressive and tensile strains generally increase and decrease the thermal conductivity, 14 respectively, molecular dynamics studies have suggested that both tensile and compressive strains reduce the thermal conductivities of graphene and MoS2.
12,14, 15, 17 In particular, compressive strain in 2D layers tends to drive the formation of buckling and rippling of the structure to relax the induced strain. Although a few theoretical studies have proposed that buckling or rippling due to compressive strains can increase phonon scattering rates, and thus reduce the thermal conductivity of 2D layers, 14, 17 it has also been suggested that the basal plane thermal conductivity of 2D layers is rather robust against rippling. 15 Thus, the conditions and criteria for the importance of compression-induced ripple effects on thermal transport in 2D materials remains unclear.
Here, we report four-probe thermal transport measurements of the intrinsic basal plane thermal conductivities of both rippled and flat multilayer molybdenum disulfide (MoS2) samples, which are representative of 2D layered materials in general. Our experiments demonstrate that the basal plane thermal conductivity is robust against compression-induced ripples and kinks with radius of curvatures on the micrometer scale, but sensitive to phonon-defect scattering. A clear correlation is drawn between the peak thermal conductivity and the integrated Raman intensity caused by defects in the frequency range of the phonon band gap in MoS2. In conjunction with experiments, first principles calculations of temperature, thickness, strain, and point defect concentration dependent provide physical insights into phonon-defect interactions and thermal resistance, and thus clarify the conditions for which ripples become an important mechanism for thermal conductivity suppression.
Multilayer MoS2 samples were exfoliated from natural MoS2 crystals that were used in a previous two-probe thermal transport measurement of few-layer MoS2. 22 The exfoliation and dry transfer method for the MoS2 samples was similar to the process reported for fourprobe thermal transport measurements of multilayer black phosphorus samples. 23 The one rippled and four flat samples examined by the four-probe microdevice shown in Figure 1 To develop microscopic physical insights of the measurements, first principles phonon transport calculations were carried out, accounting for intrinsic three-phonon scattering 32, 33 , and extrinsic scattering by isotopes, 34 top and bottom surfaces, and Mo vacancies that are used here to represent point-defect scattering. 32 With these scattering terms as inputs, full solution of the Peierls-Boltzmann transport equation determines the transport phonon lifetimes that are critical for determining the thermal conductivity. [35] [36] [37] To evaluate the effect of phonon-point-defect scattering on thermal conductivity in the MoS2 samples, Mo vacancies were introduced into the calculations as mass defects similar to phonon-isotope scattering, with the defect concentration as the single tuning parameter varied to fit the measured data of each sample. Scattering from force variance due to vacancies was not considered but is expected to give similar behavior for concentrations less than those determined here. [38] [39] [40] Furthermore, other point defect types are expected to give similar frequency dependence of the scattering rates and similar temperature dependent behavior of the thermal conductivity but will alter the concentrations needed to fit the experimental data. S vacancies were also examined, but they gave much weaker thermal resistance, at similar concentrations, than the Comparison of the measured and calculated conductivity data suggests that phonon surface scattering is mostly diffuse and phonon scattering from point defects is important.
We next consider the effect of ripple geometry and strain on the lattice thermal conductivity. As shown in the Supplementary Material, the wavelength and mean free paths of the heat carrying phonons calculated via first principles are shorter than approximately 5 nm and 500 nm, respectively, which are smaller than the 1-7 μm radius of curvatures of the induced ripples and the 3.9 and 4.4 m distance between the kink and either edge. This comparison suggests that the ripple geometry has a negligible effect on phonon scattering when the ripple geometry is much larger than the wavelengths and mean free paths of the heat-carrying phonons. Additionally, our first principles calculations demonstrate that the lattice thermal conductivity decreases with increasing biaxial tensile strain, as shown in Figure S7 , in agreement with previous theoretical studies of 2D materials. 12, 14, 15, 17, 18 Under biaxial compressive strain, first principles calculations give imaginary phonon modes for bulk MoS2 suggesting structural instability, likely due to the energetically favorable rippling geometry. While relaxation of the compressive strain in the top layer via the ripples of micrometer curvature results in negligible effect on the phonon dispersion and scattering, tensile strain at a level of ~0.14% in the bottom layers may reduce basal plane thermal conductivity by a few percent.
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In conclusion, the ripple geometry observed here has negligible effect on phonon scattering because the radius of curvatures of the compression-induced ripples in the 2D layers are on the micrometer scale and much larger than both the mean free paths and wavelengths of heat-carrying phonons. In addition, the ripples relax the compressive strain in the top layers, while the tensile strains in the bottom layers are calculated to be insufficient to cause apparent suppression of the thermal conductivity. The ripple effect on the basal-plane thermal conductivity is expected to be important when the radius of curvature of compressioninduced ripples in 2D layered materials decreases toward the mean free paths of heat-carrying phonons. On the other hand, phonon scattering by point defects, which were correlated with integrated Raman intensity in the MoS2 phonon bandgap, is an important extrinsic phonon mechanism that determines the thermal conductivity in multilayer MoS2 nanoflakes.
Comparisons between measurements and first principles calculations also reveal an approximately diffuse nature of phonon scattering by the top and bottom surfaces of the exfoliated MoS2 flakes due to the presence of surface defects. These findings clarify the extrinsic phonon scattering effects in emerging 2D functional materials.
Supplementary Material
See Supplementary Material for details of the device fabrication, measurement with the four-probe microdevice, sample characterization, Raman spectroscopy, and theoretical calculations. 
